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ABSTRACT
Context. AB Aur is a Herbig Ae star that hosts a prototypical transition disk. The disk shows a plethora of features connected with
planet formation mechanisms, such as spiral arms, dust cavities, and dust traps. Understanding the physical and chemical characteris-
tics of these features is crucial to advancing our knowledge of the planet formation processes.
Aims. We aim to characterize the gaseous disk around the Herbig Ae star AB Aur. A complete spectroscopic study was performed
using NOEMA to determine the physical and chemical conditions with high spatial resolution.
Methods. We present new NOrthern Extended Millimeter Array (NOEMA) interferometric observations of the continuum and 12CO,
13CO, C18O, H2CO, and SO lines obtained at high resolution. We used the integrated intensity maps and stacked spectra to derive
reliable estimates of the disk temperature. By combining our 13CO and C18O observations, we computed the gas-to-dust ratio along
the disk. We also derived column density maps for the different species and used them to compute abundance maps. The results of
our observations were compared with a set of Nautilus astrochemical models to obtain insight into the disk properties.
Results. We detected continuum emission in a ring that extends from 0.6′′ to ∼2.0′′, peaking at 0.97′′ and with a strong azimuthal
asymmetry. The molecules observed show different spatial distributions, and the peaks of the distributions are not correlated with the
binding energy. Using H2CO and SO lines, we derived a mean disk temperature of 39 K. We derived a gas-to-dust ratio that ranges
from 10 to 40 along the disk. Abundance with respect to 13CO for SO (∼2×10−4) is almost one order of magnitude greater than
the value derived for H2CO (1.6×10−5). The comparison with Nautilus models favors a disk with a low gas-to-dust ratio (40) and
prominent sulfur depletion.
Conclusions. From a very complete spectroscopic study of the prototypical disk around AB Aur, we derived, for the first time, the
gas temperature and the gas-to-dust ratio along the disk, providing information that is essential to constraining hydrodynamical sim-
ulations. Moreover, we explored the gas chemistry and, in particular, the sulfur depletion. The derived sulfur depletion is dependent
on the assumed C/O ratio. Our data are better explained with C/O∼0.7 and S/H=8×10−8.
Key words. Astrochemistry – ISM: abundances – ISM: kinematics and dynamics – ISM: molecules – stars: formation – stars: low-
mass
1. Introduction
Planets are formed in circumstellar systems made of gas and
dust, the so-called protoplanetary disks. The precise mechanism
that leads to planet formation remains an open question. We
know that the gas in these systems is a key driver in their dy-
namical evolution. In particular, the dispersal of the disk gas
determines the timescale for giant planet formation. However,
key parameters such as the gas-to-dust ratio are to a large extent
unknown. Therefore, characterizing the physical conditions and
chemical composition of the gas is of paramount importance to
understanding disk evolution.
The chemical composition of the future planets will be in-
herited from that of the protoplanetary disk, and the chemical
study of protoplanetary disks is a key strategy to understand-
ing the diversity of planetary atmospheres. Furthermore, gas is
the primary material from which giant planets are made and its
chemical composition sets the initial conditions for the planet
composition. However, after decades of studying protoplanetary
disks, their chemical composition is still poorly constrained.
While statistical studies are needed to tackle the question
of planet formation, the detailed characterization of individual
sources can provide deep insights into the physical properties
and chemical reaction networks that are present in protoplan-
etary disks. The Herbig star AB Aur is a widely studied sys-
tem hosting a transitional disk. Located at 162.9 ± 1.5 pc from
the Sun (Gaia Collaboration 2018), it is well suited to study-
ing the spatial distribution of gas and dust in the circumstel-
lar environment in detail. The disk shows prominent emission
from spiral arms at the near-infrared (NIR) and radio wavelength
ranges, which could be explained by the presence of one or sev-
eral forming giant planets (Grady et al. 1999; Fukagawa et al.
2004; Hashimoto et al. 2011; Tang et al. 2012; Boccaletti et al.
2020). The system also shows a cavity in continuum emission
that extends from ∼70 to ∼100 au (Pie´tu et al. 2005; Tang et al.
2012; Fuente et al. 2017). Inside the cavity a compact source
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was detected by Tang et al. (2012). The source could be an in-
ner disk, needed to explain the high levels of accretion derived
for the system (Garcia Lopez et al. 2006; Salyk et al. 2013). The
radio jet detected by Rodrı´guez et al. (2014) is also consistent
with the observed levels of accretion. Finally, Tang et al. (2017)
obtained images of the CO J = 2-1 line with ALMA and high-
lighted the presence of prominent spiral arms at a radius of 0′′.3,
which is within the dust cavity. However, no connection between
the arms and the ring was observed in such images, most likely
due to large structure filtering.
This paper is part of a long-term study of which the main
goal is to characterize the gas and dust of this prototypical disk.
Fuente et al. (2017) presented high-spatial-resolution images
of the continuum at 1.1 mm and 2.2 mm using the NOrthern
Extended Millimeter Array (NOEMA). On the basis of the de-
tailed comparison of such continuum images with two-fluid hy-
drodynamical simulations, it was suggested that the dust trap ob-
served in AB Aur was associated with a decaying vortex. A sim-
ilar model of a decaying vortex was proposed by Baruteau et al.
(2019) to explain the asymmetric eccentric ring in the submil-
limeter continuum emission of the MWC 758 disk (Dong et al.
2018). Moreover, Fuente et al. (2017) provided an accurate mea-
surement of the dust mass amounting to approximately 30 Earth
masses.
So far, a few molecular species have been detected in AB
Aur, including CO, SO, HCO+, HCN, and H2CO (Schreyer et al.
2008; Pie´tu et al. 2005; Tang et al. 2012, 2017; Fuente et al.
2010; Pacheco-Va´zquez et al. 2015, 2016; Rivie`re-Marichalar
et al. 2019). It is remarkable that the first detection of SO in a
protoplanetary disk was reported towards AB Aur (Fuente et al.
2010; Pacheco-Va´zquez et al. 2015, 2016). Most species de-
picted ring-like emission co-spatial with the dust ring with a
minimum towards the central dust gap, except 12CO and HCO+.
The higher angular resolution image of the HCO+ 3→2 line re-
ported by Rivie`re-Marichalar et al. (2019) shows that within the
dust cavity the HCO+ emission is formed by a compact source
towards the stellar position and at least one filament connecting
the compact source with the outer ring. We concluded that the
filamentary structure could be tracing an accretion flow from the
outer ring into the inner disk.
In the present paper we report high-spatial-resolution
NOEMA observations of 12CO, 13CO, C18O, H2CO, and SO
millimeter lines. The detection of several lines of H2CO, and
SO, allows us for the first time to constrain the physical condi-
tions of the emitting gas. The focus of the present work is on
the chemistry of the disk, and we leave a detailed study of the
system kinematics for a future paper.
2. Observations and data reduction
The observations were performed using the NOEMA interfer-
ometer in its A and C configurations, with baselines in the range
16 to 375 m, aiming to achieve a maximum spatial resolution of
∼ 0′′.5.
We used the PolyFiX correlator centered at 225 GHz with
a channel width ∆ν=2MHz for each sideband. Chunks with
∆ν=62.5 kHz were used to cover the requested transitions
with higher spectral resolution, achieving spectral resolutions
of ∼0.087 km s−1. A total of 23 transitions from the different
species were observed, including 12CO, 13CO, C18O, 13C17O,
p-H2CO, SO, SiO, DCO+, HC3N, OCS, CCS, 13CN, 13CS,
and CO+ (see Table 1). We detected intense emission of the
J=2→1 lines of 12CO, 13CO, C18O, and the H2CO 303-202
Table 1. Overview of the different transitions observed
Species Trans. Weight Beam RMS
– – – – mJy/beam
12CO 2-1 Uniform 0.′′59×0.′′36 10.0
13CO 2-1 Uniform 0.′′63×0.′′39 9.5
C18O 2-1 Uniform 0.′′63×0.′′40 9.5
H2CO 303-202 Natural 0.′′80×0.′′51 8.5
– 322-221 Natural 0.′′80×0.′′51 8.5
– 321-220 Natural 0.′′78×0.′′51 8.5
SO 55-44 Natural 0.′′79×0.′′52 9.0
– 56-45 Natural 0.′′79×0.′′51 8.5
13CN 2-1 Natural 0.′′80×0.′′52 8.5
DCO+ 3-2 Natural 0.′′79×0.′′52 9.1
OCS 18-17 Natural 0.′′80×0.′′51 8.4
SiO 5-4 Natural 0.′′80×0.′′51 8.6
13CS 5-4 Natural 0.′′72×0.′′43 9.0
CO+ 2-1 Natural 0.′′71×0.′′46 10.0
OCS 19-18 Natural 0.′′72×0.′′47 9.0
CCS 88-78 Natural 0.′′72×0.′′47 9.0
HC3N 24-23 Natural 0.′′80×0.′′52 8.5
line and the SO 56-45 lines. The H2CO 322-221, H2CO 321-
220 and SO 55-44 were detected at 3σ level precluding synthe-
sis imaging. Observations of the CO isotopologs 12CO, 13CO,
and C18O achieved sufficient S/N to allow for uniform weight-
ing, reaching spatial resolutions of ∼0.′′60×0.′′36 (98 au ×
60 au at the distance to the source). The rest of the observed
species were mapped using natural weighting, resulting in res-
olutions ∼0.′′73×0.′′47 (119 au × 77 au at the distance to the
source). Data reduction and map synthesis were done using the
GILDAS1/CLASS software.
3. Results
Using the maps with the weightings as described in Sect. 2, we
study in the following the spatial distribution of the continuum
and molecular emissions.
3.1. Continuum emission
We show the continuum intensity map at 1mm in the top panel
of Fig. 1. We measure a total flux of 97±19 mJy (assuming a cal-
ibration error of 20%), close to the value reported by Tang et al.
(2012) for their PdBI observations, and about six times brighter
than the value reported by Tang et al. (2017). As claimed by Tang
et al. (2017), their ALMA data were not sensitive to emission ex-
tended on scales larger than 2′′, which explains the difference in
the recovered flux. The emission has a ring-like shape. By fitting
an ellipse to the 10σ emission level, we derive an inclination an-
gle of 24.9◦. We detect 5σ emission at distances as far as ∼2.3′′
(373 au). The middle panel of Fig. 1 shows the azimuthally aver-
aged radial profile of the continuum emission at 1mm. The pro-
file has an approximately Gaussian shape, with center at 0.97′′
(∼158 au) and FWHM ∼ 0.9′′. A cavity is observed starting at
r ∼ 0′′.6 (∼98 au). In the southern side of the disk (θ ∼180◦)
we observe emission extending from the central position to the
ring at the 5σ level. A strong azimuthal asymmetry in the form
of a dust trap is clearly detected at PA θ ∼ 270◦, as reported in
previous studies (see e.g., Tang et al. 2012). The contrast ratio
along the azimuthal direction in the position of the peak radius
is ∼ 2.6 (see Fig. 1, bottom panel).
1 See http://www.iram.fr/IRAMFR/GILDAS for more informa-
tion about the GILDAS softwares.
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Fig. 1. Top: Continuum intensity map. The blue dashed circle
marks the position of the maximum in the radial direction, and
the blue star marks the position of the centroid of the ellipse used
to compute the inclination angle. Middle: Azimuthally averaged
radial profile of continuum intensity map. The blue dashed curve
shows a Gaussian fit to the profile. The blue dashed vertical
line marks the position of the maximum in the radial direction.
Bottom: Azimuthal cut along the radius of maximum intensity.
The blue dashed vertical line marks the position of the maximum
in the azimuthal direction.
3.2. Molecular emission
Spectra of the source-integrated flux of all the detected lines are
shown in Fig. 2. The spectra were computed inside regions with
S/N>5σ. Spectral cubes of the 12CO 2-1, 13CO 2-1, C18O 2-
1, H2CO 303-202, and the SO 56-45 lines were constructed to
explore the morphology and kinematics of the gaseous disk.
The zero-, first-, and second-moment maps of the 12CO 2→1,
13CO 2→1, C18O 2→1, H2CO 303→202, and SO 55→44 lines
are shown in Fig. 3. For an easier comparison, we also show in
Fig. 4 the integrated intensity maps of the different species, as
well as the continuum intensity map, in polar coordinates.
As Fig. 3 shows, the shape of the emission dramatically
changes from the 12CO to the C18O map where the emission
shows a ring-like structure. The 12CO and 13CO lines are op-
tically thick, and their emission is more extended than that of
C18O. The emission of 12CO is elongated in the southwest to
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Fig. 2. Top: 12CO, 13CO and C18O spectra. Middle: p-H2CO
spectra. The black dashed horizontal line at TMB = 0 and blue
dashed line at 5σ are also included. Bottom: SO spectra after
rebinning with n=4.
northeast direction. Along the ring, the 12CO integrated inten-
sity map shows a peak at θ ∼ 270◦, close to the position of the
dust trap, but at a closer distance, r∼ 0.254′′ (∼55 au). The map
also has a local maximum almost at the opposite side of the disk
at θ ∼ 90 ◦. Diffuse 5σ emission is detected as far as 5′′ (814 au)
from the center. The central regions of the map present a depres-
sion in flux, ∼1 Jy beam−1 km s−1, compared to ∼1.7 Jy beam−1
km s−1 in the peak. 13CO shows an elongated shape around a
central ring-like structure, similar to the ring observed in C18O
emission. Azimuthal asymmetries are observed for the three iso-
topologs. In the case of C18O, the shape of the emission resem-
bles that observed in the continuum (Pie´tu et al. 2005; Tang et al.
2012; Fuente et al. 2017). Emission at the 5σ level is observed
from ∼0.′′4 (65 au) to ∼2′′ (326 au), with a bright emission ring
at 0.′′65 (106 au). In cooler disks around T Tauri stars the expec-
tation is that CO will be more severely depleted in regions with
large dust densities, such as a dust trap. The fact that C18O emis-
3
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Fig. 3. Zeroth-, first-, and second-moment maps of the different species surveyed with NOEMA. Left: Integrated intensity maps
(zeroth-moment maps). Center: Intensity-weighted velocity maps (first-moment maps). Right: Velocity dispersion maps (second-
moment maps). From top to bottom, species are 12CO, 13CO, C18O, H2CO, and SO. The maps were obtained after integrating
channels in the range 3 to 9 km s−1. For the first- and second-moment maps, only channels with a S/N > 5 were used. The white
ellipses in the bottom left corner of each map depict the synthesized beam at each wavelength.
sion in AB Aur follows the dust emission suggests that CO is not
heavily depleted in this disk and supports pressure trap theory.
The outermost parts of the disk show twisted structures sug-
gestive of spiral arms. Tang et al. (2012) identified four spiral
arms and labeled them S1 to S4. We can only identify S1, S2, and
S3. Such structures are especially apparent in the 12CO second-
moment map (see Fig. 5) because the spiral arms add velocity
components resulting in larger line widths. These structures can
also be identified as excess emission in the integrated intensity
maps of 12CO and 13CO, and as deviations from rotation in the
4
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Table 2. Peak position in radial profiles, and angle peak in az-
imuthal profiles of the continuum and the different species sur-
veyed before de-projection. The last column gives the binding
energy of the different species surveyed.
Species Peak Peak Peak. ED
position position angle
– (′′) (au) (◦) (K)
Cont 1mm 0.96 157 269 –
12CO 0.252 52 279 15751
13CO 0.80 130 279 15751
C18O 0.89 146 275 15751
p−H2CO 1.20 195 279 32602
SO 1.41 229 105 2600 3
HCO+ 0.00 0.0 92 –
HCN 1.02 166 99 20503
Refs: 1 Fayolle et al. (2016); 2 Noble et al. (2012); 3 Garrod & Herbst
(2006)
first-moment maps. We do not observe any special structures as-
sociated with the spiral arm S4. Tang et al. (2012) marked a se-
ries of positions along the different spiral arms to study in detail
the associated kinematics. We repeated the same strategy using
the same positions as in Tang et al. (2012); see triangles in Fig.
5. The resulting spectra are shown in Fig. 6. The velocity com-
ponents due to the spiral arms are detected in 12CO and in 13CO
when they are prominent enough, but are never detected in C18O,
which points to an origin out of the disk midplane. The presence
of multiple components results in an artificial broadening of line
widths, as observed in the second-moment map of 12CO (see Fig.
3, top right).
The zeroth-, first-, and second-moment maps of the H2CO
J=303-202 line are shown in Fig. 3, since this is the only H2CO
line with sufficiently high S/N to produce moments maps. The
emission shows a ring-like shape extending from ∼0.′′7 to
∼1.′′6, plus a diffuse emission extending further out (∼4 ′′).
Interestingly, the emission peaks further from the center than
C18O. We co-added the images of the 322−221 and 321−220 lines
in order to improve the S/N of our data but the quality of the fi-
nal image was not good enough for detailed mapping. Instead,
we decided to fit the source-integrated spectra (see Fig. 2).
Of all the SO lines observed, only the JN=56-45 line was
intense enough to build the zeroth, first-, and second-moment
maps. The emission shows strong azimuthal variations. While
13CO, C18O and p-H2CO show circular cavities in their inner re-
gions, SO shows emission also in the inner regions, and not only
in the outer disk. More interesting is the fact that SO emission
shows its peak in a position that is displaced almost 180◦ in az-
imuth with respect to the dust trap (see Fig. 3, bottom panels).
Similar behavior was observed in CS towards HD 142527 (van
der Plas et al. 2014), with a maximum in the CS 7-6 integrated
intensity map on the opposite side of the disk with respect to the
dust trap. Our SO map further shows an interesting feature at PA
∼ 270◦ that extends from the ring till the innermost regions, sim-
ilar to the bridge reported by Rivie`re-Marichalar et al. (2019) for
HCO+ emission.
4. Gas kinetic temperature
The gas kinetic temperature determines the thermal pressure and
is therefore a key parameter to describe the disk shape and its
stability. The gas kinetic temperature is also important from the
chemical point of view since many reaction rates are highly de-
pendent on gas temperature. Models computing the gas tem-
perature in protoplanetary disks typically find that the thermal
coupling of gas and dust is a good approximation over most
of the disk and that this assumption breaks down at the sur-
face layers of the disk, where the value of the visual extinc-
tion AV in the vertical outward direction becomes lower than
1 (Kamp & Dullemond 2004; Woitke et al. 2009; Walsh et al.
2010). However, recent studies (Akimkin et al. 2013; Facchini
et al. 2017) have shown that the gas and dust temperatures can
diverge at much higher densities (nH ∼ 106 − 107 cm−3). We as-
sume that the the gas kinetic temperature can be used as a tracer
of the dust temperature in the disk layers from which the bulk of
the molecular emission originates, where densities are expected
to be larger than 107 cm−3.
To observationally determine the gas kinetic temperature in
the different layers of the disk is not an easy task and different
molecular probes are needed. Based on our data we use two dif-
ferent approaches. First we estimate the gas kinetic temperature,
Tk, from the intensity of the optically thick CO 2-1 line. In the
case of optically thick emission, Tb ∼ hν/k(exp(−hν/kTex) −
1)−1. The critical density of the J=2→1 line of 12CO is as low as
n(H2)∼a few 103 cm−3, and one would expect that the emission
is thermalized, Tex = Tk, even at the disk surface. Therefore, the
12CO line is a good tracer of the gas kinetic temperature in the
surface molecular layer with densities of > 103 cm−3. In Fig. 7,
we show the peak intensity map of the 12CO 2→1 line. The val-
ues of Tb range from ∼ 70 K in the vicinity of the star to ∼ 10
K at a distance of 4′′ from the star, which is further away than
the dusty ring, in the protostellar envelope. The kinetic temper-
ature is ∼15 K in the envelope; it increases to 55 K in the dust
ring, and reaches a value of ∼70 K in positions close to the star.
These temperatures correspond to the τ ∼ 1 layer in the disk
or envelope surface. Indeed, hotter gas as warm as ∼1000 K is
expected in the diffuse disk atmosphere and close to the star,
but these regions are not expected to contribute to the molec-
ular emission we are observing. We note that Semenov et al.
(2005) reported T > 15 K for the outer disk and envelope using
single-dish observations. The discrepancy could be explained if
the emission is not highly optically thick at these distances, re-
sulting in Tex < Tkin, thus making the 12CO peak temperature a
poor proxy of the overall gas temperature in the outer regions of
the system.
An independent estimate of the gas kinetic temperature can
be obtained by fitting the p-H2CO lines. Taking into account
the higher critical density of these transitions and the fact that
p-H2CO is expected to be abundant in a layer closer to the
disk midplane than CO, the temperature derived for the p-
H2CO is expected to be lower than that derived from 12CO. The
Tb(322 − 221 + 321 − 220)/Tb(303 − 202) line ratio is known to be a
good gas thermometer (see e.g., Tang et al. 2018). To derive the
kinetic temperatures from this ratio, we computed Tb(322 − 221),
Tb(321−220), and Tb(303−202) for a grid of kinetic temperatures,
assuming n(H2) = 108 cm−3 and N(H2CO) = 3×1012 cm−2.
Using the channels with emission over 3σ of the resulting spec-
tra we derive temperatures in the range 29 to 71 K, with a mean
value of 39 K over the disk. This temperature range is compat-
ible with the dust temperature estimated by Pacheco-Va´zquez
et al. (2016) using the RADMC code (Dullemond & Dominik
2004) for the disk midplane at R∼200 au, where the p-H2CO ra-
dial emission peaks, suggesting gas-dust thermalization in the p-
H2CO emitting region. Since we also detected two SO lines, we
can use them to derive another temperature estimate. However,
we note that the dependence of the SO ratio on the temperature is
steeper than that on H2CO. The mean temperature derived from
5
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Fig. 4. De-projected integrated intensity maps in polar coordinates. Top left: Continuum emission. The black dashed lines depicts
the position of the continuum peak. In the rest of the panels, the white dashed lines depict the position of the continuum peak, while
the black dashed lines depict the peak of each species.
Fig. 5. 12CO second-moment map showing the position of the
spiral arms (solid white lines). The individual positions where
spectra were extracted following Tang et al. (2012) are shown as
red triangles. The name of the spirals from Tang et al. (2012) are
also included.
SO over the disk is 37 K, again in good agreement with previous
estimates, and with the value derived from the H2CO ratio.
One interesting result is that the disk around this Herbig
Ae/Be star is significantly warmer than the disks around T Tauri
stars. For instance, Henning et al. (2010) derived gas kinetic tem-
peratures of ∼10 K based on multi-transition analysis of C2H for
the T Tauri disks DM Tau and LkCa 15 using interferometric
data. This is not unexpected because of the higher stellar irra-
diation of Herbig Ae-Be stars (see also Agu´ndez et al. 2018).
The AB Aur disk is also warmer than the disk around the Herbig
Ae/Be star HD 163296 for which Guzma´n et al. (2018) reported
an excitation temperature of ∼24 K from the H2CO lines. It then
appears that AB Aur is well suited to studying the gas chem-
istry in a warm disk, similar to MWC 480 (Loomis et al. 2020).
An interesting consequence is that contrary to what happens to
T Tauri disks and HD 163296, CO is not expected to be signifi-
cantly depleted in AB Aur and can be used as a reliable tracer of
gas mass.
5. Gas-to-dust ratio
High-spatial-resolution images of gas and dust in protoplane-
tary disks have shown that the spatial distribution of both phases
can be dramatically different, implying that the gas-to-dust ra-
tio varies along the radial and azimuthal directions. Studying the
spatial variations of this ratio is therefore of paramount impor-
tance for understanding protoplanetary disk evolution and planet
formation theories.
In this section, we use our observations of 13CO, C18O, and
continuum at 1 mm to estimate the gas-to-dust ratio along the
dust ring. To that aim, we compute the 13CO column densities
using the standard local thermodynamic equilibrium (LTE) for-
mula,
N(13CO) =
8piν3i j∆VQrotτ
c3Ai jgup
e
Eup
kTrot
(
e
hνi j
kTrot − 1
)−1
, (1)
where νi j is the frequency of the 13CO 2-1 transition, ∆V is the
line width, Qrot is the partition function, τ is the line optical
depth, c is the speed of light, Ai j is the Einstein coefficient for
spontaneous transitions, gup is the degeneracy coefficient, Eup is
the energy of the upper level, k is the Boltzmann constant, Trot
is the rotational temperature, and h is the Planck constant. For
Trot we assumed Trot= 39 K, the value derived from the H2CO
ratio, ∆V can be obtained from the second moment maps, and
we only needed to derive the line opacity assuming abundance
ratios 12CO/13CO = 60 (Savage et al. 2002), and 12CO/C18O
= 550 (Wilson & Rood 1994). The total gas column density
can be derived assuming a CO (or C18O) abundance with re-
spect to H2. The observed abundances of C18O in the interstellar
medium (ISM) are in the range of 1-3 ×10−7 (Frerking et al.
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1982, 1987; Trevin˜o-Morales et al. 2019), with the lowest val-
ues being found in cold and dense regions. For our calculations,
we adopt X(C18O)=(1.7±0.7)×10−7 which is the averaged value
in molecular clouds.
The dust column density was derived from the continuum
maps using:
Ndust =
S ν
Bν(Tdust)κ
, (2)
with κν = 1 g cm−2 (Ossenkopf & Henning 1994), where we
assumed Tdust = Tgas=39 K. The dust opacity κν depends on the
amount of ice in the mantle, as well as on the gas density. We
have adopted the value estimated for ice-coated grains in dense
regions which is the standard choice for protoplanetary disks.
Finally, column densities were converted into gas and dust
masses and the ratio of the two was computed. We show the re-
sulting map in polar coordinates in Fig. 8. We masked pixels
with a S/N<5 in order to exclude unreliable results. Taking into
account the uncertainty in the assumed value of the CO abun-
dance, we estimate that the average gas-to-dust ratio in the disk
is in the range ∼30−70, with a minimum of ∼8−16 towards the
dust trap. These values are significantly smaller than the canoni-
cal value of 100 representative of the ISM. Recent studies of the
gas-to-dust ratio in individual sources have arrived at similarly
low values (Osorio et al. 2014; Boehler et al. 2017; Wu et al.
2018; Soon et al. 2019; Miley et al. 2019). Indeed, the statis-
tical studies by Williams & Best (2014); Ansdell et al. (2016);
Miotello et al. (2017), and Long et al. (2017) were dominated by
low gas-to-dust ratios. There are different explanations for the
low gas-to-dust ratios observed. First, protoplanetary disks can
have intrinsically low gas masses. Alternatively, a larger-than-
expected CO depletion can lead to artificially low gas masses.
The second mechanism is expected to be more important for the
coldest disks towards T Tauri disks than towards AB Aur. In
7
Rivie`re-Marichalar et al.: AB Aur, a Rosetta stone for studies of planet formation (I)
Sect. 8, we carry out the complete chemical modeling of the AB
Aur disk in order to provide a more precise determination of the
gas-to-dust ratio. In summary, we note that several assumptions
are made when computing gas-to-dust ratios. Such assumptions
(opacity law, relative CO abundance) can lead to artificially low
gas-to-dust ratios. Nevertheless, the low gas-to-dust ratio derived
in this section agrees with the results from the more sophisticated
models computed in Section 8.
Interestingly, the minimum in the gas-to-dust ratio is reached
at the position of the continuum peak, indicating that the dust
trap is particularly dust rich. The same result was obtained by
Boehler et al. (2017) in HD 142527. Dust trapping in local pres-
sure maxima has been proposed to overcome the radial drift of
solid particles, and hence favor planet formation in transitions
disks. In particular, Fuente et al. (2017) proposed the existence
of a dust trap in AB Aur to explain the 1.1mm and 2.2mm contin-
uum maps. Our observational results confirm this scenario and
provide valuable constraints for the two-fluid hydrodynamical
simulations of this prototypical disk.
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Fig. 8. Deprojected gas-to-dust ratio map in polar coordinates.
The horizontal and vertical black dashed lines mark the position
of the continuum peak.
6. Chemical segregation
AB Aur is one of the few transitional disks that have been im-
aged at high spatial resolution in various molecular species, pro-
viding a valuable opportunity to study the chemistry in transition
disks. In Fig. 9 we show the integrated intensity radial profiles of
the continuum and the different molecular transitions observed
at high spatial resolution after de-projection with i = 26◦ and PA
= -37◦ (see Sect. 3.1). In addition to the data presented, we have
included the profiles of the HCO+ 3→2 and HCN 3→2 maps
reported by Rivie`re-Marichalar et al. (2019).
Overall, we observe strong radial segregation between the
different species, with differences as large as ∼100 au in their
radial emission peaks. The only species that peaks toward the
center is HCO+, while 12CO peaks at ∼0.′′37 (60 au). HCO+ is
an important ion in the disk intermediate layers, and its abun-
dance seems to increase toward the more heavily UV-irradiated
regions of the disk (Sternberg & Dalgarno 1995; Fuente et al.
2003; Rivie`re-Marichalar et al. 2019). The other species peak at
positions ranging from 0.′′8 (130 au, 13CO) to 1.′′5 (244 au, SO).
Continuum emission at 1 mm peaks at 0.′′94 (153 au), close to
the C18O peak, and overlaps with C18O almost perfectly in the
inner regions, while C18O is more extended in the outer parts.
The HCN spatial distribution from Rivie`re-Marichalar et al.
(2019) is almost coincident with C18O emission. The most ex-
tended species are 12CO and 13CO, which still show emission at
distances > 4′′. Again, this is compatible with emission from the
remnant envelope in the outer parts of the system. The high den-
sities and cold temperatures prevailing in the midplane regions
produce a rapid and efficient adsorption of gas-phase molecules
onto dust grains. One might postulate that this layered structure
is related to the snow lines of the different species, which are
determined by their binding energies. For comparison, we list
the binding energies of the different species in Table 2. If ther-
mal desorption were the main desorption mechanism in the mid-
plane, the radius of the midplane snow line would be expected
to anti-correlate with the binding energy, that is, the smaller the
binding energy, the further away the snow line. The distribution
of radial emission peaks of the molecules observed in AB Aur
does not follow this trend (see Fig. 9 and Table 2). Indeed, the
farthest emission peak radius corresponds to SO which is the
molecule with the second-largest binding energy. This suggests
that thermal desorption is not driving the chemical composition
of this disk. Full gas-grain chemical models show that the pro-
portionality between the binding energy and the condensation
temperature is in the range 30−50 K (Hollenbach et al. 2009;
Martı´n-Dome´nech et al. 2014; Agu´ndez et al. 2018). Following
this rule, the condensation temperatures for CO, HCN, SO, and
H2CO are ≈30 K, ≈40 K, ≈50 K, and ≈ 65 K, respectively.
Assuming that the temperature derived from H2CO is close to
the midplane temperature, this would imply that the tempera-
ture in the dusty ring is lower than the condensation temperature
for all species except for CO and HCN. We note that most of
the emission from the observed species arises from the warm
molecular layer where freeze-out is not efficient. Furthermore,
freeze-out timescales in the outer disk could be of the order of
the disk lifetime. Finally, nonthermal processes such as shocks
could counter the effect of freeze-out, further lowering its role
on the chemistry of this warm disk.
Significant differences are also found in the spatial distribu-
tion of the different molecules in azimuth. This is not surprising
taking into account the asymmetric distribution of the solid par-
ticles. We show in Fig. 10 the azimuthal profiles of the different
species detected and the positions of the peaks in the azimuth are
given in Table 2. Only the emission of C18O follows that of the
continuum emission with its emission peak close to the position
of the dust trap (∼315◦). In the case of 13CO, we observe two
peaks with similar intensity at ∼315◦ and ∼135◦ which roughly
corresponds to the maximum (dust trap) and minimum (counter-
dust trap) in the continuum emission. Most striking is the case
of SO which peaks at ∼180◦ (in a position nearly opposite to the
dust trap). The emission of HCN, H2CO, and HCO+ is relatively
flat along the ring.
It is tempting to think that differences in the grain size dis-
tribution and gas-to-dust ratio would produce changes in the
chemical composition of the gas. Pacheco-Va´zquez et al. (2016)
carried out some chemical calculations to investigate the influ-
ence of gas-to-dust ratio, gas density, and grain size on the abun-
dances of H2CO and SO. These latter authors concluded that the
gas-to-dust ratio and grain size have a moderate impact on the
abundances of these species, which are mainly determined by the
gas density and time evolution as long as the dust temperature is
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below the condensation temperature. Furthermore, they find that
the abundance of SO is the most sensitive to the gas density, and
its abundance decreases to values <10−12 in less than 0.1 Myr,
the typical age of the dust trap, for high densities (n(H2)>107
cm−3). Below the SO evaporation temperature, the depletion of
SO is proportional to the gas density and azimuthal variation in
the SO abundance might reflect changes in the average gas den-
sity along the disk. This would explain why SO does not peak
towards the dust trap. This model assumed that the molecules are
well shielded from the stellar UV radiation and the same temper-
ature for small and large grains. The equilibrium temperature of
small grains depends on their size and grain composition (Ysard
et al. 2019). Small particles are expected to be warmer than large
particles, avoiding the freeze out of the most volatile molecular
species. This effect would contribute to increase the dust temper-
ature in the counter-dust trap, hence boosting the SO abundance.
It would also explain why the 13CO emission has a secondary
peak towards a position opposite the dust trap.
7. Molecular column densities and abundances
We estimated the column densities of CO, H2CO, and SO as-
suming LTE, and the mean kinetic temperature derived from the
H2CO line ratios. We also computed column density maps for
HCO+ and HCN using the data published by Rivie`re-Marichalar
et al. (2019), and following the same procedure. Table 3 summa-
rizes the results for the different species. As a first step to esti-
mate molecular abundances, we use the 13CO column densities
derived in Section 5 to compute N(X)/N(13CO) ratios, where X
refers to the different molecules. The resulting maps are shown
in Fig. 11. Pixels with relative errors larger than 20% have been
masked. The abundance radial profiles derived from these maps
are shown in Fig. 12. The molecular ion HCO+ is the only one
which presents emission towards the star position. As discussed
by Rivie`re-Marichalar et al. (2019), this is better understood as
the consequence of photo-chemistry. In contrast, the N-bearing
species HCN is probing the high-density gas within the dusty
ring. With Teff ∼ 104 K, AB Aur stellar emission peaks at the
soft UV (around 3000 Å), which readily dissociates HCN, and
therefore HCN appears where it is shielded by the dust. In con-
trast to HCN and HCO+, the peaks in the abundance of H2CO
and SO are located beyond the dusty ring, in the outer disk. In
the following, we discuss the chemistry of the different surveyed
species in more detail.
7.1. H2CO
Formaldehyde is one of the most abundant molecules in cir-
cumstellar disks (O¨berg et al. 2010; Fuente et al. 2010; O¨berg
et al. 2011b; Qi et al. 2013; Pacheco-Va´zquez et al. 2015, 2016;
Guilloteau et al. 2016; Carney et al. 2017; O¨berg et al. 2017;
Guzma´n et al. 2018; Pegues et al. 2020). As an organic species
that can lead to the formation of more complex organic com-
pounds, it has received a lot of attention with dedicated single-
dish and interferometric surveys. In particular, H2CO was de-
tected in 10 out of the 20 disks of the spectral survey carried
out by Guilloteau et al. (2016) using the IRAM 30m telescope.
More recently, an ALMA survey of H2CO was performed by
Pegues et al. (2020) with 13 detections out of a sample of 15
disks. Restricting the sample to Herbig Ae/Be stars, the millime-
ter lines of formaldehyde have been detected towards HD142527
(O¨berg et al. (2011b)), AB Aur (Fuente et al. 2010; Pacheco-
Va´zquez et al. 2015, 2016), HD 163296 (Qi et al. 2013; Carney
et al. 2017; Guzma´n et al. 2018), and MWC 480 (Pegues et al.
2020).
The map of the H2CO abundance towards AB Aur is shown
in Fig. 11. The p-H2CO abundance varies within a factor of ap-
proximately seven along the disk with the radial abundance peak
located at R∼200 au, beyond the dusty ring traced by the 1.3mm
emission. This kind of radial profile, with the peak of H2CO
abundance beyond the dusty ring, was previously observed in
HD 163296 (Qi et al. 2013; Carney et al. 2017; Guzma´n et al.
2018) and TW Hya (Qi et al. 2013; O¨berg et al. 2017), and has
been interpreted in terms of surface chemistry. Beyond the CO
snow line, formaldehyde is formed by hydrogenation of CO on
the grain surfaces and is then released to the gas phase mainly by
photo-desorption. Guzma´n et al. (2018) determined an ortho-to-
para H2CO ratio of 1.8−2.8 corresponding to a spin temperature
of 11 − 22 K, and provides further support to a low-temperature
origin for the H2CO molecules in HD 163296, consistent with
formation on grain surfaces. This interpretation cannot be di-
rectly extrapolated to the case of AB Aur. The disk around AB
Aur is significantly warmer than those around T Tauri stars.
Indeed, Qi et al. (2013) derived a H2CO rotation temperature
below 20 K for a sample of T Tauri disks. The disk around AB
Aur is also quite different from the well-known full gas-rich disk
HD 163296. For comparison, the mass of the HD 163296 disk is
one order of magnitude larger than that of AB Aur (Woitke et al.
2019). Furthermore, the AB Aur disk is warmer. Woitke et al.
(2019) derived a mean gas temperature, Tg=29 K, and mean dust
temperature, Td=27 K, for HD 163296. Using the same method-
ology, these authors derived mean temperatures of 54 K and 36 K
for the gas and dust in AB Aur, respectively. In the case of the
warm disk around AB Aur, having an H2CO that extends fur-
ther out than CO most likely implies that it is formed through
gas-phase reactions, and not through CO surface hydrogenation.
A reaction of the following kind could be the main formation
mechanism:
CH3 + O→ H2CO + H. (3)
Assuming X(13CO)=1.7×10−6, we estimate that the peak p-
H2CO abundance is ∼10−10. We adopt the equilibrium value of
the ortho-to-para ratio at 39 K (ortho-to-para ratio = 3), and de-
rive a peak H2CO abundance of ∼4×10−10. Based on higher an-
gular resolution ALMA data, Carney et al. (2017) derived abun-
dances of 4−8×10−12 for HD 163296. Even assuming an uncer-
tainty of a factor of five in our estimate of the H2CO abundance
because of the assumed value of X(13CO), our data prove that
the abundance of H2CO in AB Aur is more than 50 times higher
than in HD 163296.
7.2. SO
Sulfur monoxide is a useful tool to search for the warm
(Tk∼60−100 K) disks in Class 0 stars (Maret et al. 2020).
However, contrary to H2CO, sulfur monoxide has been detected
in very few protoplanetary disks. In fact, the detection of SO in
AB Aur was the first one in a protoplanetary disk (Fuente et al.
2010). Later, Guilloteau et al. (2016) detected SO in only 4 out
of the 20 protoplanetary disks of their sample using the IRAM
30m telescope. High-angular-resolution observations of SO in
Class I objects reveal that SO is coming from a narrow ring lo-
cated at the interface between the disk and the molecular cloud
(Sakai et al. 2014; Podio et al. 2015; Sakai et al. 2016). These
works suggest that the SO abundance is enhanced in the centrifu-
gal barrier and outer parts of the disk due to possible accretion
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dashed line depicts the cut along the crescent (see text). The grey line depicts the continuum azimuthal cut along the maximum.
shocks which heat the gas to temperatures higher than 60 K. The
SO abundance seems to decrease after the main accretion phase
when the circumstellar disk becomes colder. The detection and
high abundance of SO in AB Aur together with the high H2CO
abundance derived from our high-spatial-resolution data proves
that this warm disk hosts a differentiated chemistry which mer-
its a dedicated study. In Sect. 8, we model the chemistry of this
interesting disk.
8. Astrochemical modeling
Protoplanetary disks constitute the link between the ISM and
planetary systems, and the study of sulfur species in these ob-
jects is of paramount importance to understand the chemical
composition of the Solar System and comets. Searches for S-
bearing molecules in protoplanetary disks have provided very
few detections. Thus far, only one S-species, CS, has been
widely detected in protoplanetary disks. The chemically related
compound H2CS was detected by Le Gal et al. (2019b) in MWC
480 and, tentatively, LkCa 15. Phuong et al. (2018) reported the
detection of H2S in GG Tau.
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Fig. 11. Abundance maps of H2CO (top left), SO (top right), HCO+ (bottom left), and HCN (bottom right). The white contours
depict five abundances equally spaced between the map minimum and the map maximum.
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Fig. 12. Abundance radial profiles as a function of distance.
Recent spectral line surveys have increased the number
of detected interstellar sulfur molecules to a dozen species
in prestellar cores (Vastel et al. 2018), protostellar envelopes
(Drozdovskaya et al. 2018), and photon-dominated regions
(PDRs Rivie`re-Marichalar et al. 2019). Together with these new
detections, new models have been developed to advance our un-
derstanding of the ISM gas-phase S-chemistry. Recently, new ab
initio quantum calculations of key reaction rates have improved
Table 3. Column density statistics for the different species sur-
veyed.
Species N(X)min N(X)max N(X)mean
– (cm−2) (cm−2) (cm−2)
13CO 8.8×1015 2.5×1017 9.8×1016
p-H2CO 3.1×1012 8.3×1012 5.3×1012
SO 2.1×1013 3.4×1013 2.5×1013
HCO+ 5.3×1012 3.9×1013 1.1×1013
HCN 2.3×1012 6.4×1012 3.6×1012
the reliability of the SO abundance predictions (Fuente et al.
2016, 2019). A complete revision of the sulfur surface chemistry
has been carried out by Laas & Caselli (2019). Navarro-Almaida
et al. (2020) developed an up-to-date sulfur chemical network
based on the Kinetic Database for Astrochemistry (KIDA) in-
cluding the most recent updates (Fuente et al. 2016, 2019; Le
Gal et al. 2019b; Laas & Caselli 2019). In the following we ap-
ply this updated network to the case of the AB Aur disk.
To further characterize the gas in the AB Aur protoplanetary
disk we computed a set of 1+1D Nautilus simulations (Wakelam
et al. 2016), following the prescriptions used by Le Gal et al.
(2019b), in order to model the disks around LkCa 15 and MWC
480 and adapting the physical parameters to match our observa-
tions of AB Aur, as listed in Table 4. In the following, we pro-
vide a summary of the model equations and parameters. A more
thorough description can be found in Le Gal et al. (2019b).
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8.1. Physical structure
In order to simulate the chemical processes in the AB Aur disk,
we need to make some assumptions on its physical structure. The
vertical temperature profile at a given radius will be assumed to
follow the modified prescription of Dartois et al. (2003) used in
Rosenfeld et al. (2013), which reads:
T (z) =
 Tmid + (Tatm − Tmid)
[
sin
(
piz
2zq
)]2δ
if z < zq
Tatm if z ≥ zq,
(4)
with the temperature in the disk midplane and in the atmosphere
varying with radii as
Tmid = Tmid,Rc
(
r
Rc
)−q
, (5)
Tatm = Tatm,Rc
(
r
Rc
)−q
, (6)
where Rc is a characteristic radius, and zq = 4H, where the pres-
sure scale height H is described by
H =
√
kB Tmid r3
µmH G M?
, (7)
where kB is the Boltzmann constant, µ = 2.4 is the mean molec-
ular weight of the gas, mH is the proton mass, and M? is the
mass of the central star. The midplane temperature Tmid follows
the equation
Tmid(r) ≈
(
ϕL?
8pir2σSB
)1/4
, (8)
where L? is the stellar luminosity, ϕ is the flaring index, and σSB
is the Stefan-Boltzman constant.
The dust is assumed to have the same temperature as the gas,
which is true for most of the disk (only in the uppermost layers
are different temperatures expected). The vertical density profile
is derived solving
ρ(z) = ρ0e
− z2
2H2 , (9)
where ρ0 is the midplane density of the gas.
A key parameter for astrochemical models of protoplanetary
systems is the UV flux impinging the disk. The UV flux com-
ing from the central star is assumed to be a multiple of the ISM
radiation field, an assumption which holds true for HAe stars
(Chapillon et al. 2008). The UV flux at a given radius is the
combination of the photons coming directly from the star plus
those scattered downwards by small dust grains in the disk at-
mosphere, and is described by equation
fUV =
0.5 fUV,Rc(
r
Rc
)2
+
(
4H
Rc
)2 . (10)
8.2. Chemical network
Nautilus includes grain surface reactions, which are crucial to
explain chemical evolution in high-density environments such as
protoplanetary disks. It uses a three-phase scheme that includes
gas phase, grain surface, and grain mantle reactions, and the in-
teraction between them (Ruaud et al. 2016).
To take into account chemical inheritance from previous
stages, we first simulate the chemical evolution of a starless
dense molecular cloud up to a characteristic age of 1 Myr. For
this 0D model, typical constant physical conditions were used:
grain and gas temperatures of 10 K, a gas density nH = n(H) +
2n(H2) = 2×104 cm−3 , and a cosmic-ray molecular hydrogen
ionization rate of 1.3×10−17 s−1 ; this parent molecular cloud is
also considered to be shielded from external UV photons by a
visual extinction of 30 mag. For this first simulation stage, we
consider that initially all the elements are in atomic form (see
Table 5) except for hydrogen which is assumed to be initially
already fully molecular. The elemental gas phase sulfur abun-
dance is still a controversial issue (see e.g.,Fuente et al. 2016;
Vidal et al. 2017; Vastel et al. 2018; Fuente et al. 2019; Navarro-
Almaida et al. 2020). In our models, we considered the high-S
abundance case, with the sulfur elemental abundance equal to
the solar one (i.e. 1.5×10−5, Asplund et al. 2005), and the low-S
case with S/H∼8×10−8 which is the value usually adopted to fit
the abundances of S-bearing species in dark clouds (Agu´ndez &
Wakelam 2013). We compare the output of our 1+1D simulation
after 1 Myr with observations.
8.3. Model setup
The physical parameters assumed for AB Aur, summarized in
Table 4, are fed into Nautilus to compute the astrochemical
model. We modeled a gaseous disk extending from 10 to 700
au surrounding a 2.4 M star. The midplane temperature of 42 K
at 98 au is used to match the value of ∼ 39 K at r ∼ 200 au that
we derived in Section 4. The atmospheric temperature (i.e., T at
z = 4H), Tatm was set to 70 K. The exponent of the temperature
power-law index, q, was set to 0.1 following the value derived
by Pie´tu et al. (2005) using 13CO. The surface density at the ref-
erence radius (98 au) was set to 0.5 g cm−2, and the exponent
of the surface-density power law was set to 2.15 following Pie´tu
et al. (2005).
We computed six models (see Table 6 for an overview) to
test the impact of some important parameters in our study: the
gas-to-dust ratio, the sulfur abundance, and the C/O abundance
ratio. To explore the impact of the gas-to-dust ratio, we com-
puted models with the standard gas-to-dust ratio of the ISM (i.e.,
100), as well as models with a gas-to-dust ratio of 40, in agree-
ment with the value we derived in Section 5. For each of the
two gas-to-dust ratios, we computed two sets of models: the first
with an ISM standard sulfur abundance of 1.5×10−5, and the sec-
ond with a depleted sulfur abundance of 8×10−8. Finally, to test
the impact of the C/O ratio, we computed two additional models
with a gas-to-dust ratio of 40, a depleted O abundance resulting
in C/O = 1, and the high- and low-sulfur abundances. In total,
we discuss six models, which are summarized in Table. 6.
8.4. Model results
Figure 13 shows the results of the six models described in the
previous section. Our goal is to explore the molecular chemistry
in the warm AB Aur disk. In addition, as explained below, our
chemical study can help to constrain the gas-to-dust ratio, the
initial sulfur abundance, and the C/O ratio in AB Aur.
One of the main results of our study is the estimation of the
gas-to-dust ratio in the protoplanetary disk in AB Aur. For this
aim, we used spectroscopic observations of the CO isotopologs
and the dust continuum emission at 1.1mm to determine the
gas and dust mass, respectively. Using canonical values for the
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Table 4. Model parameters
Parameter nane Parameter value Ref.
Stellar mass, M? 2.4 M 1
Characteristic radius, Rc 98 au 2
Temperature power-law index, q 0.1 3
Mid-plane temperature at Rc, Tmid 42 K 2
Atmosphere temperature at Rc, Tmid 70 K 2
Surface density power-law index, γ 2.15 3
Surface density at Rc 0.5 g cm−2 2
Outer radius, Rout 700 au 2
UV reference flux, fUV,Rc in Draine units 10
5 2
Notes. (1) Rivie`re-Marichalar et al. (2019); (2) this work; (3) Pie´tu et al. (2005);
1018
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1020 N[C18O] (cm 2)
1011
1012
1013 N[H2CO] (cm 2)
1012
1013
1014
1015
N[
X]
 (c
m
2 )
N[SO] (cm 2)
150 200 250 300 350 400
d (au)
1012
1013
1014 N[HCO + ] (cm 2)
100 150 200 250 300 350 400
d (au)
1011
1012
1013
1014
N[HCN] (cm 2)
g/d = 40, [S/H] = 1.5×10 5, C/O = 0.7
g/d = 40, [S/H] = 8×10 8, C/O = 0.7
g/d = 100, [S/H] = 1.5×10 5, C/O = 0.7
g/d = 100, [S/H] = 8×10 8, C/O = 0.7
g/d = 40, [S/H] = 1.5×10 5, C/O = 1.0
g/d = 40, [S/H] = 8×10 8, C/O = 1.0
Fig. 13. Comparison with models. The black solid line shows the derived radial profile of the column density for each species, with
the light-grey shaded region showing the 1σ uncertainty. The model parameters for each model are shown in the figure legend.
dust emissivity and the C18O abundance, we determined that the
mean gas-to-dust ratio in the dusty ring is ∼40+30−10. We ran mod-
els with gas-to-dust ratio equal to 40 and 100 in order to explore
the impact of this parameter on the gas chemistry and further
corroborate our result. Our models show that the gas-to-dust ra-
tio has little to no impact on the CO and HCO+ column densities.
The column densities of SO, H2CO, and HCN are more sensitive
to the gas-to-dust ratio. The high abundance of H2CO observed
in AB Aur clearly favors models with a gas-to-dust ratio close to
40.
The elemental abundance ratios within a disk are of
paramount importance to set the composition of the gaseous at-
mospheres of giant planets. Special attention should be given to
the gas-phase elemental carbon-to-oxygen elemental ratio (here-
after C/O) which has a key role in establishing the chemistry in
planetary atmospheres (e.g., O¨berg et al. 2011a; Piso et al. 2015;
Mordasini et al. 2016; Espinoza et al. 2017; Brewer et al. 2017;
Madhusudhan et al. 2017; Cridland et al. 2019). In this regard,
there is evidence that protoplanetary disks can have C/O close
to 1.0, that is, larger than the solar value (C/O ∼ 0.7). Semenov
et al. (2018) proposed that C/O should be > 1 in DM Tau in or-
der to explain the observed lower limit to the CS/SO abundance
ratio. Based on ALMA observations of CO, C2H, and HCN,
Cleeves et al. (2018) estimated C/O∼0.8 in the proto-planetary
disk IM Lup. High values of C/O have also been proposed by Le
Gal et al. (2019b) to account for the observed abundance of ni-
triles in proto-planetary disks. We ran models with C/O=0.7 and
C/O=1 in order to investigate the value of C/O in AB Aur. Out
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Table 5. Initial elemental abundances
Species ni/nH Reference
H2 0.5
He 9.0×10−2 1
C+ 1.7×10−4 2
N 6.2×10−5 2
O 2.4×10−4 3
S+ 8.0×10−8 4
Si+ 8.0×10−9 4
Fe+ 3.0×10−9 4
Na+ 2.0×10−9 4
Mg+ 7.0×10−9 4
P+ 2.0×10−10 4
Cl+ 1.0×10−9 4
F+ 6.7×10−9 5
Notes. (1) Wakelam & Herbst (2008); (2) Jenkins (2009); (3) Hincelin
et al. (2011); (4) Graedel et al. (1982); (5) Neufeld et al. (2015)
Table 6. Model setup
Model ID Gas-to-dust ratio [S/H] C/O
1 40 1.5×10−5 0.7
2 40 8×10−8 0.7
3 100 1.5×10−5 0.7
4 100 8×10−8 0.7
5 40 1.5×10−5 1
6 40 8×10−8 1
of all the species observed, the abundance of HCN is very sen-
sitive to the value of C/O, and the observed abundance is better
adjusted assuming C/O = 1. Furthermore, formaldehyde (H2CO)
and SO also favor models with C/O = 1.
Our data would also allow us to constrain the Sulfur ele-
mental abundance in the AB Aur disk based on the SO column
density. One main problem to determine S/H is that the abun-
dance of SO strongly depends on the C/O ratio (see e.g. Fuente
et al. 2016; Semenov et al. 2018; Fuente et al. 2019). In fact,
the SO abundance is better reproduced by models with [S/H]
= 8×10−8 and C/O=0.7, pointing to a sulfur depletion of more
than two orders of magnitude in the parent cloud. In fact, this
model reproduces the abundances of all the observed species ex-
cept HCN. However, if we adopt a C/O of 1 to match chemical
predictions with the observed HCN column densities, we need
to assume the solar sulfur abundance to reproduce the observed
SO column density. This would imply that the elemental sulfur
abundance is close to the solar value in molecular clouds, as pre-
viously suggested by some authors (Fuente et al. 2019; Navarro-
Almaida et al. 2020). However, this latter model underestimates
the H2CO column density. One possibility is that C/O changes
along the disk, and H2CO and HCN are probing regions with
different physical and chemical species. High spatial resolution
observations of other sulfur-bearing species such as CS, H2CS,
and H2S, would help to determine both values (C/O and S/H)
along the disk.
9. Summary and conclusions
The Herbig star AB Aur is a widely studied system hosting
a transitional disk. The presence of spiral arms, high levels
of accretion and outflow activity, and a dust trap make this
target an ideal candidate to study the dynamical and chemical
evolutions of the gas in proto-planetary disks. This paper is part
of a long-term study of which the main aim is to characterize
the dust and gas of this prototypical disk (Fuente et al. 2010;
Pacheco-Va´zquez et al. 2015, 2016; Fuente et al. 2017; Rivie`re-
Marichalar et al. 2019). On the basis of high-spatial-resolution
NOEMA observations of 12CO, 13CO, C18O, H2CO, and SO
millimeter lines, we investigated the physical and chemical
properties of the molecular gas. Our results can be summarized
as follows:
1.- We detect intense emission of the J=2→1 lines of 12CO,
13CO, C18O, and the H2CO 303-202 and SO 56-45 lines. High-
angular-resolution images (beam <0.9”) were produced for
these lines. The H2CO 322-221, H2CO 321-220 and SO 55-44
were detected at the 3×σ level, precluding synthesis imaging.
We also use previous images of the HCO+ 3-2 and HCN 3-2
published by Rivie`re-Marichalar et al. (2019) for our chemical
study.
2.- Our data reveal that different molecular species are probing
different disk and envelope regions. While 12CO is tracing the
disk surface and the low-density remnant envelope, the emission
of the rarer isotopolog C18O 2-1 is coming from the dusty ring,
since its radial emission peak is spatially coincident with the
peak of the 1.3mm continuum emission. The same is true for
the emission of the HCN 3-2 line. Within the dust cavity, the gas
chemistry is likely driven by UV radiation and the only detected
species is 12CO and HCO+. The volatile species H2CO and SO
are more intense in the outer disk, with their radial emission
peaking further away than the dusty ring.
3.- Significant differences were found in the azimuthal distri-
bution of the different molecules. The C18O emission peaks
close to the position of the dust trap (∼269◦). In the case of
13CO, we observe two peaks with similar intensity at ∼269◦ and
∼100◦ which roughly correspond to the maximum (dust trap)
and minimum (∼180◦ away from dust trap) in the continuum
emission. Most striking is the case of SO which only peaks at
∼100◦ (∼180◦ away from dust trap). The emissions of HCN,
H2CO, and HCO+ are quite flat along the ring.
4.- The detection of several lines of H2CO and SO allows us to
carry out a multi-transition study. We estimate a mean rotation
temperature of ∼ 39 K from the H2CO lines. This temperature
is higher than those measured with this species in T Tauri
disks and HD 163296, which confirms the higher temperature
of the AB Aur disk. Furthermore, this is consistent with the
temperature of ∼37 K that we obtained using SO lines.
5.- The derived gas-to-dust ratios along the central parts of the
dust ring range from ∼ 10 to ∼ 40, and reach 200 only in the
inner and outer edges. As expected, the minimum gas-to-dust
ratio is measured towards the dust trap. This value of the
gas-to-dust ratio is in agreement with values typically found in
T Tauri and Herbig Ae/Be disks. One exception would be HD
163297 which is known to be a gas-rich disk with a gas-to-dust
ratio of ∼100.
6.- Assuming the equilibrium value of the ortho-to-para ratio
at 39 K (ortho-to-para ratio = 3), we derive a mean H2CO
abundance with respect to 13CO of 3.7×10−10 which is higher
by more than a factor of ten than that derived in HD 163296. We
interpret the high H2CO abundance in AB Aur as a consequence
of the warm chemistry in this more evolved disk. The derived
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mean SO abundance is ∼ 4×10−10, similar to that of H2CO.
7.- To further investigate the chemistry in AB Aur, we developed
a dedicated 1+1D disk astrochemical model based on the model
developed by Le Gal et al. (2019b). Our best-fit model is
obtained for a gas-to-dust ratio=40, and a depleted total amount
of sulfur ([S/H]=8×10−8). Interestingly, we find that an elevated
C/O ratio better reproduces the abundances of HCN, H2CO, and
SO, in agreement with previous studies claiming that evolved
disks are oxygen depleted (Bergin et al. 2016; Cleeves et al.
2018; Le Gal et al. 2019a; Miotello et al. 2019).
Our data show that AB Aur hosts a peculiar transition disk
characterized by a high gas and dust temperature and a low gas-
to-dust ratio, with a large sulfur depletion. Therefore, studying
the dynamics and chemistry of the gas in this disk might pro-
vide important clues for understanding the poorly known disks
associated with high-mass stars.
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